Background-Human Cytomegalovirus (HCMV) infection is problematic after kidney transplantation. Human mesangial cells along with human glomerular endothelial cells and podocytes constitute the renal glomerular vascular unit (GVU). HCMV infection of the GVU is poorly understood.
Background
Human Cytomegalovirus (HCMV) is the most threatening viral pathogen after kidney transplantation [1, 2] . HCMV is a leading cause of post-transplant morbidity and mortality [3] . Clinical manifestations of HCMV disease include myelosuppression, fever, retinitis, pneumonia, colitis, and hepatitis [4] . There is both reduced graft and patient survival after HCMV infection of kidney allograft transplant patients as well as increased risk of graft rejection and increased susceptibility to other opportunistic infections [4] [5] [6] [7] .
In the absence of HCMV prophylaxis, 40%-100% of all kidney transplant recipients (KTRs) will become infected with HCMV and up to 67% will develop HCMV clinical disease. In the presence of HCMV prophylaxis, the incidence is reduced but up to 37% of KTRs will develop HCMV disease [8] . Risk factors for HCMV disease in KTR that most often occur in the first 100 days post-transplant include kidney-pancreas transplantation, type of immunosuppressive drugs used, serostatus of the donor and recipient, presence of absence of acute rejection, donor age >60 years, and impaired graft function [9] [10] [11] . There are case reports of mesangial sclerosis in HCMV infected patients with congenital nephrotic syndrome. Upon renal biopsy they observed diffuse mesangial sclerosis cytomegalic inclusion in both tubular cells and glomeruli [12] . Ortmanns et al., observed cytomegalovirus infection of mesangial cells in patients with IgA nephropathy. Treatment of cytomegalovirus infection with ganciclovir resulted in remission of IgA nephropathy [13] . It has been reported that primary human mesangial cells, human glomerular epithelial, tubular epithelial, and endothelial cells are permissive for HCMV infection [14] [15] [16] . However, these studies were limited primarily to comparative analysis of viral infectivity. To date, mesangial cells, and their contribution to HCMV infection in the glomerulus is poorly understood. The molecular crosstalk between mesangial cells, podocytes, and glomerular endothelial cells, that we refer to as the glomerular vascular unit (GVU), during HCMV infection is also poorly understood. In this study, we examine the GVU for HCMV infectivity, replication kinetics and temporal cytokines expression profiles in a tricell culture model of glomerulus.
Methods

Renal tissue
Renal biopsy tissue from a HCMV infected renal transplant patient was obtained via collaboration with Dr. Gary Hayward at The Johns Hopkins University Medical Centre. These studies were approved by the Johns Hopkins Institutional Review Board (IRB). Disseminated HCMV infection in renal tissue was confirmed by a pathologist and subsequently reconfirmed by IHC staining for the HCMV major immediate early (MIE) and the pp28 HCMV phosphorylated nuclear proteins [17] . Tissue was formalin fixed and paraffin embedded, and 5-micron sections were placed on chemate slides for dual-labelled IHC staining [18] .
Cells and viruses
The primary isolate (termed SBCMV) was provided by Dr. Ravit Arav-Boger, Johns Hopkins University, as previously described [19] . The IRB exemption for the use of this isolate was given by Johns Hopkins Hospital. The HCMV-GFP recombinant virus was obtained from Dr. Gary Hayward, Johns Hopkins University. The SBCMV clinical isolate.
Toledo lab-adapted strain of HCMV, and HCMV-GFP recombinant virus were cultivated separately in human foreskin fibroblasts with DMEM (containing 4.5 g/l D-glucose, 584 mg/l L-glutamine and 3.7 g/l sodium bicarbonate, Gibco BRL, USA). All infections with the SBCMV clinical strain were performed at passage level 3. Primary human renal mesangial cell and renal glomerular endothelial cells were obtained from ScienCell (Carlsbad, CA) and cultivated in mesangial cell medium (MCM) and endothelial cell media (ECM) from ScienCell, respectively. Mesangial cells and renal glomerular endothelial cells were maintained at passage level 3. Human glomerular podocytes were obtained from Dr. Moin A. Saleem and were cultured as described [20, 21] . All cells were trypsinized and plated on uncoated 4.2 cm2/well glass chamber slides at density 2.5×105 cells per well. Heat-killed SBCMV was prepared by heating the viral inoculum to 65°C for 30 min in a water bath [22] . The mild heat inactivation that we employ is unlikely to cause a global effect on thermolabile viral proteins.
Cytomegalovirus infection of mesangial cells, renal microvascular endothelial cells, and podocytes
Mesangial cells, renal microvascular endothelial cells, and podocytes were infected with SBCMV, Toledo HCMV, or HCMV GFP at a multiplicity of infection (MOI) of 0.1. Virus adsorption was allowed for 3 h and the infectious inoculum was removed and replaced with fresh medium. Mock-infected cells included medium only with no virus along with heatkilled virus controls. For virus replication kinetics in mesangial cells, glomerular endothelial cells, and podocytes, infections were performed in triplicate in multi-well chamber slides as previously described [19] .
(HRMC), human renal glomerular endothelial cells, and podocytes were washed twice with PBS pH 7.4, air dried, and fixed in absolute methanol for 10 minutes. Cells were air dried for 15 minutes, hydrated in Tris buffered saline (pH 7.4) for 5 min, and incubated separately for 1 h with monoclonal antibodies. The antibodies included NG2P (Millipore, Darmstad, Germany) and the following from Santa Cruz Biotechnology (Santa Cruz, CA, USA): vimentin, CD68, fibronectin, podocalyxin, von Williebrand factor, and αSMA all diluted 1:50 in PBS pH 7.4. For HCMV infection of human renal mesangial cells (HRMC), human renal glomerular endothelial cells, and podocytes, cells were incubated for 1 h with monoclonal antibodies to HCMV-MIE (MIE, MAB810, Millipore) and the HCMV viral tegument protein pp65 (UL83, Vector Laboratories, Burlingame, CA) or the late virion tegument protein pp28 (Santa Cruz Biotech), all at a 1:50 dilution in PBS pH 7.4. Immunofluorescent staining was performed as previously described [19] .
Glomerular vascular unit tricell infection model
The GVU model, composed of primary mesangial cells, glomerular endothelial cells, and podocytes was established in chamber slides at a ratio mesangial/endothelial/podocyte of 3:2:1, respectively. The rationale for the 3:2:1 ratio is supported by findings in the glomerulus of the rat and the finding that pericyte density (with the exception of the brain and retina) are found to be lower in other vascular beds [23] .
However, the exact ratio of mesangial cells, glomerular endothelial cells, and podocytes associated with the glomerular vasculature specifically is unknown.
Cell population ratios during tricell cultivation can change; therefore, we consistently use these primary cells at the same passage level and the initial cultivations are performed with media recommended by the manufacturer. Podocytes were initially cultivated in complete RPMI supplemented with insulin-transferrin-selenium (ITS) media to 80% confluence at a cell density 2.5×104 due to slow growth kinetics. Mesangial cells, initially cultivated at the same cell density in mesangial cell medium (ScienCell), were added and the mixture cultivated in RPMI-ITS. After 24 h, renal endothelial cells cultivated in ECM at the desired density were added to complete the tricell mixture with all three cell types growing in 60/40 ratio of RPMI-ITS and ECM medium. The tricell mixture was then infected for 96 h with SBCMV at a MOI of 0.1. The tricell mixture was stained for live/dead cell viability, using an assay kit (Life Technologies, Grand Island, NY).
analysis was performed on supernatants as previously described [19] . Infections were performed in triplicate in chamber slides for 24, and 96 h. Replicate assays are inherent in the Luminex technology by counting 50 bead replicates per analyte and reporting the median. This is the equivalent of running 50 replicate assays per well. In addition, robotic pipetting was performed for all volume-critical steps, which minimizes well-to-well variability, and calibrators and controls were run in duplicate involving 3 levels of control per analyte in duplicate on every plate [24] .
Cell viability assays
The Tricell mixture was stained for viability using a live/dead cell viability assay kit (Life Technologies, Grand Island, NY).
Statistical analysis
Experiments presented in this study that involved replication kinetics with the GFP-HCMV recombinant virus were performed in triplicate. Supernatants from mock infected, SBCMV infected, and heat-killed SBCMV exposed mesangial cells were separately taken from triplicate samples and pooled for Luminex analysis. A P-value of < 0.05 was considered statistically significant.
Results
Expression profiles of human renal mesangial cell
Primary human renal mesangial cells show expected morphological characteristics of normal mesangial cells that are clearly visible in sub confluent and confluent cultures ( Figure 1A and 1B). We examined biomarker expression of normal primary renal mesangial cells by immunofluorescent staining. We observed that mesangial cells express characteristic pericyte markers including NG2 proteoglycan, vimentin, CD68, and fibronectin, respectively ( Figure 1C ,1D,1E and 1F) [19] . Isotype controls antibodies for NG-2P, Vimentin, CD68 and fibronectin stain negative with mesangial cells ( Figure 2G ,2H,2I and 2J). 
Dysregulation of angiogenic and proinflammatory cytokines in SBCMV infected mesangial cells at both early and late time post infection
Angiogenic and proinflammatory cytokines levels were examined in mesangial cells exposed to SBCMV for 24 h ( Figure 5 ). In mesangial cells exposed to SBCMV, we observed increased levels B2-m, ferritin, complement C3, IL-6, IL-7, IL-8, RANTES, TNF-α, GMCSF, MCP-1 and MMP-3 when compared to mock infected controls. We observed higher levels of MIP-1α in mock infected cells compared to SBCMV infected mesangial cells. In mesangial cells exposed to heat-killed virus, we observed higher levels of ferritin and MIP-1α compared to SBCMV infected cells ( Figure 5 ). In SBCMV infected mesangial cells, at 96 h post infection we observed higher levels of B2-m, ferritin, complement C3, IL-7, IL-8, RANTES, VEGF, and MMP-3 when compared to mock infected controls ( Figure  6 ). We observed higher levels of TNF-α, MIP-1α, and MCP-1 in mock infected cells compared to SBCMV infected mesangial cells ( Figure 6 ).
Proinflammatory and angiogenic cytokines that contribute to glomerulosclerosis are induced after SBCMV infection of a tricell culture model of the glomerular vascular unit
The glomerular vascular unit, composed of podocytes, primary glomerular endothelial cells, and mesangial cells, was employed to develop a tricell culture model of the human glomerulus ( Figure 7A -a,7A-b,7A-c). We began by cultivating the podocytes line in RPMI medium supplemented with 10% insulin-transferrin-selenium (ITS) (Figure 7B-a) , and later we discovered that mesangial cells could be cultivated in RPMI/ITS medium ( Figure 7B-b) . We then determined that glomerular endothelial cells were more fastidious than either podocytes or mesangial cells and would require endothelial cell medium supplementation with RPMI/ITS medium. We established a ratio of 60% endothelial cell media and 40% RPMI/ITS medium for the tricell cultivation ( Figure 7A-c) . We achieve >90% viability for 8 days in culture ( Figure 7A-d ). The tricell culture was then exposed to the SBCMV clinical strain, heat killed SBCMV, and mock infected using media only. In the GVU tricell model with cells exposed to SBCMV for 96 h, we observed higher levels of ferritin, complement C3, Alpha-2 macroglobulin, IL-7, IL-1β, GMCSF, VEGF, haptoglobin, and MCP-1 when compared to mock infected controls ( Figure 8A and 8B). We observed higher levels of B2-m, RANTES, and MIP-1α in mock infected cells compared to SBCMV infected mesangial cells ( Figure 8A and 8B ). In the tricell GVU model exposed to heat-killed virus, we observed higher levels B2-m, ferritin, complement C3, RANTES, GMCSF, VEGF, and MIP-1α compared to SBCMV infected cells ( Figure 8A and 8B).
After review of the complied Luminex derived cytokine data we observed a >2-fold dysregulation of complement C3, IL-7, RANTES MIP-1α, and Haptoglobin when glomerular cells were exposed to wildtype SBCMV and compared to cells exposed to heatkilled SBCMV (Table 1) .
Perivascular cells stain positive for a mesangial biomarker and HCMV in infected vascular tissue from a transplant patient
Renal tissue from a transplant patient infected with HCMV was stained by dual label immunohistochemistry for mesangial cell biomarkers and viral antigen markers HCMV MIE and the viral tegument late gene protein pp28 ( Figure 9 ). We observed disseminated HCMV infection in the renal tissue for both HCMV MIE and the pp28 antigens ( Figure 9A and 9B). We also observed dual staining for smooth muscle actin (αSMA), a known mesangial cell marker, and HCMV MIE as shown by black arrows ( Figure 9C and 9D ).
Discussion
Mesangial cells are pericytes of the kidney that are abluminal to glomerular capillaries and located central to the glomerular tufts between the capillary loops. Mesangial cells synthesize and regulate the mesangial cell matrix and glomerular hemodynamics via cell contraction and release of vasoactive hormones. Mesangial cells have morphological characteristics that are similar to other pericytes and stain positive for reported pericytes antigenic biomarkers NG-2P, vimentin, CD68, and fibronectin [19, 26] . Mesangial cells, like pericytes of the blood-brain barrier (BBB) and the inner blood retinal barrier (IBRB) previously reported by Alcendor et. al. are permissive for both laboratory adapted and clinical strains of HCMV and were the most permissive target cells in both neurovascular units of the brain and retina [19, 26] . SBCMV infection in related cell types the blood brain barrier, blood retinal barrier, and the blood placental barrier we published support the notion that the cell types that are abluminal to endothelial cell of these different microvascular compartments known as pericytes that includes brain pericytes, retinal pericytes, and placental pericytes were all found to be the most permissive cell type for HCMV infection [19, 26, 27] . Human retinal pericytes were also found to be most permissive for Zika virus when compared to retinal endothelial cells and Müller cell [28] . This finding supports the notion that all vascular pericytes are permissive for HCMV infection no matter the source and that all pericytes support the greatest viral burden, representing amplification reservoirs for HCMV infection and dissemination in their respective vascular beds. Among cellular components of the GUV, we observed that lab adapted strains of HCMV replicate at higher levels in glomerular endothelial cells when compared to mesangial cells, but we show that clinical strains of HCMV replicate at higher levels in mesangial cells when compared to glomerular endothelial cells (Figures 3 and 4) . In addition, we observed that cultivation beyond 96 hours produced higher levels of HCMV MIE positive cells and plaque formation at 10 days after infection in mesangial cell compared to human glomerular endothelial cells. Our interest was to examine early events in HCMV replication profile before extensive cytolysis occurred. Evaluation of pp28 positive cell during a time course of infection is a true indication of cells that support a productive infection. For both laboratory adapted and clinical strains of HCMV we find no evidence of HCMV infection in podocytes. We examined HCMV infected podocytes by IFA using antibodies to the major immediate early and find that HCMV infected podocytes stained negative. This would support the notion that there is no abortive infection in podocytes. A report by Rane et al. shows HCMV cytopathology in podocytes and glomerular endothelial cells with no evidence of inflammation in a renal transplant patient [29] .
Temporal cytokine expression profiles reveal upregulation of proinflammatory and angiogenic biomarkers in mesangial cells exposed to SBCMV at 24 hours post exposure ( Figure 5 ). We observe upregulation of B2-m in mesangial cells. B2-m levels in serum from renal transplants have been shown to be useful as an early diagnostic marker for HCMV infection [30] . Mesangial cells show upregulation of ferritin compared to mock infected controls. Increases in ferritin levels are proposed as well-suited biomarkers for monitoring renal allograft inflammation after transplantation [31] . Serum ferritin levels greater than 500ng/ml have also been associated with increase infections in renal transplant patients [32] . Complement C3 is upregulated in mesangial cells exposed to HCMV compared to mock infected controls. Complement activation has been observed after renal transplantation in the past but is not common due to current HCMV prophylaxis [33, 34] . In a study by Andresdottir, a primary HCMV infection in a renal transplant patient was associated with the recurrence of membranoproliferative glomerulonephritis also known as C3 glomerulopathy [35] . C3 glomerulopathy is characterized by glomerular disease in renal transplant patients associated with dysregulation of the alternative complement pathway and is also associated with end-stage kidney disease [36] . We observed a 3-fold and 2-fold increase in the levels of complement C3 in mesangial cells at 24h and 96h respectively ( Table 1) . Dysfunction of the complement cascade is an underlying cause of several kidney diseases [37] . Renal transplant patients affected by end stage renal disease (ESRD) due to C3 glomerulopathies have high a recurrence rate after renal transplantation and represent an important cause of graft loss [38] .
We observed marginal increases IL-6 and IL-8 in mesangial cells exposed to HCMV after 24 hours but we observed a higher level of IL-7 at 24h and 96h in mesangial cells and in GVU tri-cell culture model 96h after exposure to SBCMV.
In a study by Muller et al., renal transplant patients that developed HCMV disease had higher plasma levels of IL-6 and IL-8 when compared patients who did not develop HCMV disease. We observed the upregulation of IL-7 in mesangial cells at 24h (12-fold), 96h (2-fold) and in the GVU tri-cell model (13-fold) when cells were exposed to wildtype virus compared to cells exposed to heat-killed virus. Serum sIL7R levels have been identified as a specific biomarker of renal disease activity in systemic lupus erythematosus (SLE) [39] . Elevated serum sIL7R levels in SLE patients have been associated with or predict the occurrence of an SLE nephritis flare (reference). A study also found when using by fineneedle aspiration biopsy cultures that IL-7, IL-16 and IL-18 is significantly associated with acute rejection in kidney transplants [40] .
RANTES was highly upregulated in mesangial cells exposed to HCMV, and in a report by Corsi et al., they showed patients affected by chronic renal failure as well as kidney-grafted patients affected by chronic transplant dysfunction had plasma levels of RANTES significantly higher than control patients [41] . We observed a 28-fold increase in RANTES expression in mesangial cells exposed to SBCMV for 96 hours. RANTES upregulation has been associated with chronic renal allograft dysfunction and has been associated with interstitial fibrosis and tubular atrophy [42] . HCMV is a common opportunistic pathogen post lung transplantation. Pulmonary HCMV infection have been associate with reduced long-term survival post-lung transplantation. In a study that examined chemokines dysregulated in lung transplant patients infected with HCMV MCP-1 and RANTES were significantly elevated during pulmonary HCMV and likely contributes allograft dysfunction and a reduction in long-term allograft survival [42] . This study indicates that monitoring CC chemokines like RANTES could have predictive value when assessing HCMV associated post-transplant disease [42] .
The increase in TNF-α in mesangial cells at 24 hours could be related to other studies that show RCMV (rat cytomegalovirus) can enhance chronic renal allograft rejection in a rat model associated with tubular apoptosis and increased levels of TNF-α-TNF-R1 [43] . In a study by Nordøy et al., renal transplant patients that developed HCMV disease had higher plasma levels TNF-α and IL-10 compared to patients without HCMV disease [44] . During HCMV infection in renal transplant patients it was observed that pp65 antigenemia correlated with increased levels of the chemokines IL-8, MIP-1α, MCP-1 VCAM-1, ICAM-1, and L-selectin compared to renal transplant patients without HCMV infection [45] .
Luminex analysis of mesangial cells exposed to SBCMV for 96 hours revealed an increase in the expression of B2-m, ferritin, complement C3, IL-6, IL-7, IL-8, RANTES, VEGF, and MMP-3 compared to mock infected controls ( Figure 6A,6B) . However, we observed reduced expression of TNF-α, MIP-1α, and MCP-1, but no change in expression of IL-6 when compared to mock infected controls ( Figure 6A,6B) .
Finally, after exposure of the GVU tricell model to SBCMV for 96 h ( Figure 9A ,9B), we observed increased expression of ferritin, complement C3, alpha-2 macroglobulin, IL-7, IL-8, GMCSF, VEGF, Haptoglobin, and MCP-1, but reduced expression of B2-m, RANTES and MIP-1a ( Figure 9A,9B) . Haptoglobin was found to be upregulated in the GVC tri-cell culture model exposed to wildtype SBCMV (6.3-fold, Table 1 ). In a study examining urine protein profiling identified alpha-1-microglobulin and haptoglobin as biomarkers for early diagnosis of acute allograft rejection following kidney transplantation (reference). Protein levels haptoglobulin and alpha-1-microglobulin were significantly higher in postoperative urine from renal transplant patients with rejection. This study suggests that haptoglobulin and alpha-1-microglobulin may be reliable biomarkers for rejection [46] . These findings suggest that mesangial cells and GVU cells in the context of HCMV exposure share similar angiogenic and proinflammatory cytokine profiles that could contribute to glomerular inflammation. We confirmed the in vivo significance of mesangial infected with HCMV in renal perivascular cell staining positive for both mesangial markers αSMA and the HCMV MIE gene markers ( Figure 10 ) [47] . Figure 11 represents a model of the mesangial cells exposed to SBCMV only for 24 and 96 h and illustrates the changes in angiogenic and proinflammatory cytokines over this interval ( Figure 11A,11B) . The angiogenic and proinflammatory expression profile we observed in the tricell GVU model would result in glomerular inflammation leading to podocyte injury, mesangial cell activation, and contribute to matrix deposition and glomerulosclerosis. Proinflammatory and angiogenic cytokines induced by HCMV infection of mesangial and GVU cells have been shown to promote reactivation of HCMV from latency [48] . MIP-1α, MCP-1, and IL-8 are important chemokines in the attraction and activation of granulocytes, T cells, and monocytes, all of which have been implicated in the dissemination of HCMV and can promote HCMV pathology in renal transplant patients [49, 50] . We were unable to identify other studies demonstrating the cytokine expression profile of mesangial cells in the context of infection with a clinical isolate of HCMV. Our work appears to be the earliest report to demonstrate that mesangial cells, specialized renal pericytes, are the most permissive cell type in the kidney corpuscle for a clinical isolate of HCMV. We are also among the first to develop a tricell culture model of GVU cells cultivated in a single source medium. As stated in the Materials and Methods Luminex assays were performed using three technical replicates at the same time which represents a limitation in this study that will require further investigation.
Conclusion
Analysis of the of proinflammatory cytokines and chemokines and their receptors in renal tissue of transplant patients with glomerulonephritis and renal allograft rejection is essential in evaluating the progression of kidney disease, whereas monitoring chemokines in the urine could provide insight into the inflammatory renal microenvironment. The pharmacological regulation of chemokine and chemokine receptor expression may be useful to guide and gauge therapy of kidney diseases.
With further investigation, this study could provide information for the development a biomarker profile for serial screening of renal transplant patients to identify those patients who are at risk for development of HCMV clinical disease in the presence of HCMV prophylaxis.
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